Introduction
Since the discovery of carbon nanotubes (CNTs), 1, 2) great progress has been made on the controlled growth of multiwalled CNTs (MWNTs) by plasma assisted chemical vapor deposition (CVD) methods. [3] [4] [5] [6] [7] [8] However, controlled growth of dense and vertically single-walled carbon nanotubes (SWNTs) has not yet been reported. For the synthesis of SWNTs, the dominant methods are still laser ablation, 9) arc discharge, 10) and thermal (or catalytic) CVD [11] [12] [13] [14] [15] in the range of substrate temperatures from 800-1200 C. However, most of the as-grown SWNTs are randomly entangled SWNT bundles or ropes, which makes the purification and application of SWNTs difficult. As the ability to control the structure, position, length, orientation and density of CNTs under low temperatures is a prerequisite to realizing many practical applications, efforts have been made using thermal CVD. By applying a very strong magnetic 16, 17) (7-24 T) or electric field during CVD, [18] [19] [20] sparse SWNTs aligned parallel to the substrate surface have been produced. Very recently, vertically aligned SWNTs were reported by Y. Murakami et al. 21) However, their SWNT films prepared in 1 h on quartz substrates with a mono-dispersed Co-Mo catalyst are only a few micrometers thick. In this study, for the first time, we demonstrate the growth of extremely dense and highly oriented SWNTs with an almost constant growth rate of 270 mm/h within 40 min at a low temperature of approximately 600
C by a novel point-arc microwave plasma CVD method, which can be very easily scaled up for mass production of SWNTs on very large area substrates.
Experimental
For SWNT growth, we employ a novel point-arc microwave plasma CVD apparatus, which operates at a microwave frequency of 2.45 GHz; for details, refer to ref. 22 to prevent the formation of iron silicide, which is unfavorable for the growth of CNTs. In the beginning, a substrate placed 50 mm away from an antenna edge is heated up to 600 C by an inductive heater at chamber pressure of 20 torr with constant gas flow rates of H 2 (45 sccm) and CH 4 (5 sccm) for 5 min. A spot thermometer (TR-630) is employed to monitor the substrate temperature. Then, a microwave at 60 W is switched on to start the deposition of SWNTs. As the microwave plasma generated is only about 10 mm in diameter and is concentrated and immobilized on the tip of an antenna protruding into a very large vacuum chamber, we call this configuration point-arc microwave plasma CVD in this paper, rather than antenna edge microwave plasma CVD as in our previous report. After a period ranging from 1 min to 40 min, the microwave plasma and substrate heater are switched off to end the CVD process.
Field emission scanning electron microscopy (FE-SEM, Hitachi S4800) with an energy dispersive X-ray (EDX) detector was employed to observe the surface and crosssectional morphologies of the as-grown samples. Raman scattering measurements and transmission electron microscopy (TEM) observations were carried out to characterize the samples. 3 is obtained. During the preparation of crosssectional view specimens by breaking each as-grown sample into two pieces, some SWNT bundles in the cross-section were extensively curved, see Fig. 1(a) , demonstrating the flexibility of SWNTs. High magnification images indicate that the films in fact consist of SWNT bundles with a diameter below 10 nm, and they are slightly curly. From the low magnification FE-SEM top view, it may be observed that randomly oriented cracks appear on all as-grown SWNT samples, as shown in Fig. 1(c) . Aligned SWNTs can also be seen through these cracks. In contrast, cracks were never observed on MWNT samples prepared on substrates coated with a catalytic layer thicker than 1.5 nm because the very high density enables Van der Waals attraction among SWNTs, which creates cracks by contraction when the samples are cooled from 600 C to room temperature. To some extent, these cracks can be regarded as a criterion of extremely dense and vertically aligned SWNT films. Based on the FE-SEM top view under high magnifications the SWNTs are highly aligned, see Fig. 1(d) , and no more details can be observed except for the tip clusters of the SWNT bundles and a few individual SWNTs in random orientation. This differs from the surface morphologies of randomly entangled SWNT bundles or ropes prepared by other methods.
Results and Discussion
To identify the SWNT samples, TEM observations 1, 2) and Raman scattering measurements 12, [23] [24] [25] [26] are commonly employed. Both methods characterize our as-grown samples as SWNTs, as shown in Figs. 2(a) and 2(b). Except for a few isolated SWNTs with large diameters up to 3.0 nm as shown in the inset of Fig. 2(a) , most SWNTs with much smaller diameters are still in well-aligned bundles due to the Van der Waals attraction even after a long ultrasonic treatment during the preparation of the TEM specimens. For comparison, if we increase the catalytic thickness of Fe to 1.0 nm, TEM observation shows that the as-grown CNTs are mixture of SWNTs and MWNTs with 2 or 3 walls, which can be easily separated from each other during the preparation of TEM specimens. Further increasing the catalyst thickness to 1.5 nm results in the growth MWNTs with more than 3 walls. Figure 2(b) shows a typical Raman spectrum of a SWNT film obtained from a STR250 Raman spectrometer using 514.5 nm excitation. At the high frequency band (1500-1600 cm À1 ), the sharp tangential mode G peak centered at 1585 cm À1 and its shoulder at 1563 cm À1 , and at the lower frequency band (75-300 cm À1 ), the radial breathing mode (RBM) peaks are fingerprint-features of SWNTs. At the low frequency band, at least 7 RBM peaks are clearly seen: 75, 90, 102, 131, 158, 170 and 255 cm À1 . The corresponding diameters of SWNTs are 3.0, 2.5, 1.7, 1.4, 1.3 and 0.9 nm, respectively, calculated using dðnmÞ ¼ 223:75ðcm À1 ÁnmÞ= !ðcm À1 Þ, 12) where d is the diameter of SWNTs, and ! is the frequency of an RBM peak. In Fig. 2(b) , a less remarkable D peak centered at 1332 cm À1 is observed, which represents the degree of defects or perhaps even amorphous carbon. However, the low ratio of the intensity of D peak to the G peak (I D =I G % 8%) indicates that our samples prepared at a temperature as low as 600 C are still fairly good. Figure 3 illustrates the variation of film thickness and growth rate with time. Despite the slight decrease of growth rate, the film thickness increases almost linearly with the growth time. Within 40 min, an average growth rate over 270 mm/h can be obtained. This strongly suggests that the catalyst does not lose activity during a long growth time. Therefore, on one hand, the length of SWNTs can be easily controlled by growth time; on the other hand, very long SWNTs may be prepared by long experimental runs. In contrast, the vertically aligned SWNTs described in ref. 21 and prepared at 800 C in 1 h are only a few microns thick, which is about two orders of magnitude lower than ours. Either the growth rate of SWNTs is a very slow or the catalyst poisoning occurs in their system.
To clarify the effect of the sandwich-like coating structure, a few samples were also prepared on substrates without coating the very thin top Al 2 O 3 layer. In contrast, usually only a thin and randomly oriented SWNT film could be deposited on such substrates, which is in agreement with the results of Hongo et al. who use -alumina as catalyst support, which is produced from an evaporated aluminum film by boiling it in de-ionized water for 1 h. 27) This suggests that the very thin top Al 2 O 3 layer, in addition to the thick buffer layer, plays a very important role in the growth of aligned SWNTs. The top Al 2 O 3 layer efficiently prevents the Fe catalyst from aggregating into relatively large particles by surface diffusion during preheating. Therefore, extremely dense and very small catalytic Fe particles can be formed on the substrate and, consequently, nucleation of SWNTs with very high density forces the growth of vertically aligned SWNTs.
Up to now, it is not clear yet whether a bottom growth mechanism or a top growth mechanism 28) (the catalysts reside at the bottom or top of CNTs) is responsible for the SWNTs due to the difficulties in direct observation of Fe nano-particles by FE-SEM and TEM. EDX analysis was done on both the top surface of a SWNT film and the substrate surface after removing the as-grown SWNT film. However, we failed to detect any Fe signals in either case. Nevertheless, the concentration of Fe may be below the lower limitation of sensitivity of the EDX detector. Considering that a few disordered SWNT bundles exist on the surface and that the surface temperature may decrease as SWNT film thickness increases, a bottom growth mechanism rather than a top growth mechanism could explain better the high degree of vertical alignment and a linear thickness increase with growth time. However, how carbon radicals can efficiently diffuse through the dense SWNT film to the catalysts on the SWNT/Si substrate interface to maintain a constant growth rate remains a puzzle. In other words, the linear increase of thickness may not be applied to unlimited growth time; once the diffusion controlled process dominates the growth of SWNTs, the growth rate may dramatically decrease. Further investigation to disclose the real growth mechanism and the thickness limitation of SWNTs are needed. From the technical point of view, it can be clearly seen that our point-arc microwave plasma CVD method shows advantages over laser ablation, arc discharge and other CVD methods in the following aspects.
1. The simplicity of substrate preparation and linear increase in thickness of extremely dense and vertically aligned SWNT films with growth times at a low growth temperature make the controlled growth of SWNTs on patterned chips possible; this will promote applied research on SWNTs on a large scale. 2. The point-arc microwave plasma CVD consumes less power and is easy to scale up. At present, we use only 60 W of microwave plasma power to grow SWNTs. Although the microwave plasma ball generated is only about 10 mm in diameter, it was able to uniformly grow CNTs on substrates 50 mm in diameter. 22) By introducing an antenna array (i.e. multiple antennae), the pointarc microwave plasma CVD can be easily scaled up without considering the geometric and electric boundary conditions for mass production of SWNTs on very large flat substrates.
Conclusions
Our point-arc microwave plasma CVD is preferable for controlled growth of SWNT films at a very low temperature of 600 C on Si substrates coated with a sandwich-like structure of 0. regarded to be a high-density forced alignment mechanism. The sandwich-like coating structure plays an important role in the formation of an extremely high density of catalytic nano-particles. The aligned growth of SWNTs under low temperature is promising for the future applied research on SWNTs on a large scale.
